Abstract
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Da determined by high performance gel permeation chromatography. An in vitro antioxidant assay indicated that FVP I-A could scavenge hydroxyl radical, superoxide anion and possessed reducing power and could largely promote NO production and augment the interleukin-1β, interleukin-6, and tumor necrosis factor-α secretion by RAW264.7 macrophages (P<0.05). Moreover, FVP I-A could promote lymphocyte proliferation (P<0.05), and synergistically enhance the augmentation of the proliferation of mouse lymphocytes by concanavalin A and lipopolysaccharides (P<0.01, P<0.05).
CONCLUSION:
The FVP I-A obtained from Flammulina velutipes possessed antioxidant activity and could enhance non-specific and specific immune responses in vitro.
INTRODUCTION
Flammulina velutipes is a medicinal fungus belonging to the class Basidiomycetes with a high medicinal therapeutic value. 1 Many studies have demonstrated that Flammulina velutipes has various biological activities, including heptatic protection, anti-tumor and immunomodulatory activities. 1 In the present study, one new water-soluble heteropolysaccharide, Flammulina velutipes polysaccharide I-A (FVP I-A), was extracted and purified from the medicinal fungus Flammulina velutipes using DEAE-cellulose column chromatography and Sephacryl S-300HR column chromatography. The antioxidant activity of FVP I-A was evaluated by examining its ability to scavenge superoxide and hydroxyl radicals and its reducing power. The immunomodulatory activity of FVP I-A was evaluated by measurement of nitric oxide (NO) and cytokines released and secreted by macrophages that were activated by incubation with this polysaccharide as part of the innate immune response, and determination of lymphocyte proliferation as part of the adaptive immune response. This Flammulina velutipes polysaccharide may prove useful in oxidation and immune applications.
MATERIALS AND METHODS

Chemicals and materials
The medicinal fungus Flammulina velutipes was obtained from the Laboratory of Cellular and Molecular Biology at the Sichuan Academy of Chinese Medicine Science (Chengdu, China). DEAE-cellulose 52 and Sephacryl S-300HR were purchased from Pharmacia Corporation (Peapack, NJ, USA). The dextran standards (including T-2000, T-500, T-200 and T-70) were purchased from Pharmacia.
and L-arabinose (L-Ara) were purchased from Sigma (St. Louis, MO, USA). RAW264.7 cells were obtained from the Chinese Academy of Science (Beijing, China). Ten Mice (18-20) g, an equal number of male and female, were obtained from the animal breeding center at the Sichuan Academy of Chinese Medicine Science (Chengdu, China). The mice were fed in accordance with the Guidelines of the Sichuan Academy of Chinese Medicine Science. All other reagents were analytical grade.
Isolation of the crude polysaccharide
The medicinal fungus Flammulina velutipes was dried and cut into pieces. The sample (150 g) was defatted with five times the volume of 95% ethanol (volume/ weight) at room temperature for 24 h, then extracted with boiling double-distilled water (1∶10 weight/volume ratio, three times) for 0.5 h. The aqueous extracts were combined, filtered and concentrated under reduced pressure at 65℃ by a rotary evaporator, then filtered again and centrifuged at 12857 ×g for 20 min in a frozen high-speed centrifuge (Centrifuge 5810R, Eppendorf, Hamburg, Germany). Four volumes of 95% ethyl alcohol were added to the supernatant to precipitate the polysaccharides. After 24 h, the precipitate was collected by centrifugation and dissolved, then the aqueous solution was deproteinated by the Sevag method. The resulting aqueous fraction was exhaustively dialyzed with water for 48 h, and then lyophilized in a vacuum freeze dryer (Thermo Modulyo, MA, USA) and the crude polysaccharides obtained.
Purification of the polysaccharides
The crude polysaccharides of Flammulina velutipes (4.26 g), termed FVP, were dissolved in Tris-HCl (pH 8.0, 20 mM), and then the aqueous solution of polysaccharides was applied to a DEAE-cellulose 52 column (2.6 cm×50 cm). The DEAE-cellulose 52 column was equilibrated with Tris-HCl buffer first, and then eluted with 0-0.5 M NaCl at 2 mL/min. The fractions were collected (5 mL/tube), and detected by the phenol-sulfuric acid method. 2 The major fraction was identified and concentrated to 10 mL, then further purified on a Sephacryl S-300HR column (2.6 cm × 100 cm), eluted with 10-mM NaCl at 1.5 mL/min. The major eluted fraction was collected, then dialyzed against tap water and distilled water for 48 h, and lyophilized in a freeze dryer (FVP I-A 0.318 g).
Analysis of monosaccharide composition
The FVP I-A was hydrolyzed according to the method of Liu et al 
Homogeneity and molecular weight of FVP I-A
The average molecular weight of FVP I-A was measured and determined by the method of Su et al 5 using an HPLC/ELSD equipped with a TSK gel 5000 PWXL column (7.8 mm × 300 mm, Tosoh Co., Tokyo, Japan). Several dextrans (T2000, T500, T200 and T70) were used as the standards.
Infra-red spectroscopy
The IR spectrum of FVP I-A was determined using a Fourier transform infrared spectrophotometer (FTIR, Nicolet, MA, USA) equipped with an Omnic worksta-tion. The FVP I-A was ground with KBr powder (spectroscopic grade) and then pressed in a mold. The spectra were collected over the frequency range of 4000-500 cm -1 .
Nuclear magnetic resonance spectroscopy (NMR)
For NMR measurements FVP I-A was dissolved with D2O and lyophilized in a vacuum freeze dryer to facilitate deuterium exchange. The deuterium-exchanged polysaccharide (50 mg) was dissolved in 0.7 mL of 99.96% D2O for NMR. Spectra were recorded with a Bruker AV-400 spectrometer. The 1 H spectra were recorded at 50℃.
Stimulation the production of NO by FVP I-A
The treatment of RAW264.7 cells was carried out according to the method of Su and Luo. 5, 6 LPS (10 μg/ mL) and different concentrations of FVP I-A (5, 10, 20, 40, 80 and 160 μg/mL) were added. Medium with added PBS was used as the control. After the incubation, the content of NO released by RAW264.7 was measured according to the Griess method. 7 After 20 min reaction with the Griess reagent, the absorbance of the supernatants was measured at 540 nm. Sodium nitrite was used as a standard for calculating the nitrite concentration.
Stimulation of the production of IL-1β, IL-6, TNF-α by FVP I-A
The treatment of RAW264.7 cells was carried out according to the method of Su et al. 5 LPS (10 μg/mL) and different concentrations of FVP I-A (5, 10, 20, 40, 80 and 160 μg/mL) were added. Medium with added phosphate buffered saline (PBS) was used as the control. After incubating the reaction system for 48 h, the cytokines (IL-1β, IL-6, TNF-α) in the culture supernatants were measured by enzyme linked immunosorbent assay (ELISA).
Lymphocyte proliferation of FVP I-A in vitro
The separation and treatment of spleen lymphocytes were carried out according to the method of Su et al. 5 Medium with added PBS was used as the control. Different concentrations of FVP I-A (50, 100, 200, 300, 400 and 500 μg/mL) were added to the spleen lymphocytes incubated in 96-well culture plates at a density of 1 × 10 6 . ConA (5 μg/mL) and FVP I-A were added to one well, LPS (5 μg/mL) and FVP I-A were added to three wells, while FVP I-A was added to the remaining three wells. After incubation for 72 h, the proliferation of spleen lymphocytes was assessed by the methyl thiazolyl tetrazolium (MTT)-based colorimetric assay.
Analysis of superoxide radical scavenging ability
The superoxide radical scavenging ability of FVP I-A was examined by the method of Charles with a minor modification. 8 FVP I-A was dissolved in distilled water to 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 mg/mL. The sample solution (50 μL) was mixed with 2 mL of 0.05 M Tris-HCl buffer (pH 8.0) containing 0.91 mL distilled water and was shaken rapidly, then 40 μL of 0.01 M 1, 2,3-phentriol was added. The absorbance of the reaction mixture was measured at 320 nm every 30 s for 3 min. The superoxide radical scavenging ability of different concentrations of FVP I-A was calculated as: (1-slope of sample/slope of control)×100%.
Analysis of hydroxyl radical scavenging ability
The hydroxyl radical scavenging ability of FVP I-A was examined by the method of Luo with a minor modification. 9 FVP I-A was dissolved in distilled water to 0.1, 0.3, 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 10 or 12 mg/mL. Both 0.5 mL of 1, 10-phenanthroline monohydrate (0.06 M) and 0.5 mL of ferrous sulfate (0.06 M) were dissolved in 1 mL of 0.05 M phosphate buffer (pH 7.4) and mixed thoroughly. A total of 0.5 mL H2O2 (0.1%) and 0.5-mL sample were added, then added water to make the volume up to 4 mL. After incubation at 37℃ for 1 h, the absorbance of the reaction mixture was measured at 536 nm. The percent inhibition of the hydroxyl radical scavenging at different concentrations of FVP I-A was calculated as: (A3-A1)/ (A2-A1)×100%. A3 represents the sample; A1 represents the control solution which contained 1, 10-phenanthroline, FeSO4 and H2O2; A2 represents the blank solution, which contained 1,10-phenanthroline and FeSO4.
Analysis of reducing power
The reducing power of FVP I-A was measured according to the method of Zou with a minor modification. 10 Phosphate buffer (0.5 mL, 0.2 M, pH 6.6) and 0.5 mL of potassium ferricyanide [K3Fe (CN)6](1%, w/v) were added to different concentrations of FVP I-A (0.1-5 mg/mL, 0.5 mL). The reaction was incubated at 50℃ for 20 min. Then 0.5 mL of trichloroacetic acid (10% , w/v) was added to terminate the reaction, and the mixture was centrifuged at 1811 ×g for 5 min. 1 mL of the supernatant was mixed with 1 mL of distilled water and FeCl3 (1 mL, 0.1% ), After 10 min, the absorbance of the reaction system was measured at 700 nm.
Statistical analysis
All data were analyzed using EXCEL2007 (Mcrosoft, Redmond, WA, USA) software. Data are expressed as the mean ± standard deviation (SD) of three replicates. Statistical analyses were examined with one-way ANO-VA, followed by a Student's t-test to identify differences between groups. The significant level was at P<0.05.
RESULTS
Isolation, purification of FVP
The crude polysaccharides (4.26 g), named FVP, were obtained in 2.84% yield from 150 g of Flammulina velutipes after water extraction and deproteination. The obtained polysaccharides were further purified on a DEAE-cellulose A-52 column and Sephacryl S-300HR column to yield the major polysaccharide, FVPI-A (0.318 g), in 0.2% yield from 150 g of dry fruiting bodies of Flammulina velutipes. As shown in Figure  1 , the sample was a single and symmetrical peak, which indicates that FVP I-A is a homogeneous polysaccharide. were due to associated water. 11 In the range of 1200-1000 cm -1 , there were three strong absorption bands at 1039.52, 1075.70 and 1157.01 cm −1 , suggesting that the monosaccharide in FVP I-A had a pyranose-ring. 12 FVP I-A had β-glucopyranose linkages, which was evidenced by the absorption at 890.23 cm −1 , and which was also indicated by the anomeric proton signals at δ 4.094 in the 1 H NMR (400 MHz). 3 These findings suggested that FVP I-A has a β-glycosidic linkage in the molecule configuration.
Monosaccharide composition and molecular weight of FVP I-A
Examination of the production of NO in vitro
Different concentrations of FVP I-A (0, 5, 10, 20, 40, 80 and 160 μg/mL) or LPS (10 μg/mL) stimulated RAW264.7 cells for 48 h, then the production of NO were measured by analyzing the NO2 -content using the Griess method. As shown in Figure 2 , macrophages treated with LPS (10 μg/mL) could significantly increase production of NO than those treated with PBS (P<0.01). The effect of FVP I-A on the NO secretion exhibited a dose-dependent relationship. Compared with the control, at 5 μg/mL, the promoting effect of FVP I-A was significantly different (P<0.05), and at 20 μg/mL, the induction effect was also significantly different (P<0.01). The results showed that FVP I-A could induce abundant production of NO in vitro. 80 and 160 μg/mL) or LPS (10 μg/mL) stimulated RAW264.7 cells for 48 h, and then the concentrations of cytokines (IL-1β, IL-6, TNF-α) were assessed by ELISA. The results showed that 10-μg/mL LPS could significantly increase the production of cytokines (IL-1β, IL-6, TNF-α, Figure 3 ) compared with the control (P<0.01). At 20 μg/mL, FVP I-A significantly increased the IL-1β concentration (P<0.01), moreover at 5-μg/mL FVP I-A significantly induced production of IL-6 and TNF-α (P<0.01). These results indicated that FVP I-A can stimulate macrophages to produce cytokines in vitro.
Measurement of IL-1β, IL-6, TNF-α
Lymphocyte proliferation in vitro
Lymphocytes play important roles during cellular and humoral immune responses. Spleen lymphocyte proliferation was evaluated by the MTT assay to investigate the immunomodulatory effect of FVP I-A (Figure 4) . FVP I-A was found to promote lymphocyte proliferation from 50 to 500 μg/mL in a dose-dependent manner (P<0.05). LPS and ConA could also induce lymphocyte proliferation (P<0.05). FVP I-A exhibited co-mitogenic activities in combination with LPS at 50-500 μg/mL (P<0.05), and exhibited obvious co-mitogenic activities in combination with ConA at 300-500 μg/mL (P<0.01). The results indicated that FVP I-A could induce the production of spleen lymphocytes.
Analysis of superoxide radical scavenging ability
Superoxide radical is a weak oxidant because it can be degraded continuously to other active reactive osygen species (ROS). An excessive amount of superoxide radical may trigger peroxidation of lipids, DNA damage and tissue injury, potentially inducing pathological incidents. 13 Thus, superoxide radical scavenging is very important to maintaining human health. The superoxide radical scavenging ability of FVP I-A was evaluated by self-oxidation using the 1, 2, 3-phentriol method. Figure 5A illustrates the superoxide radical scavenging effect of FVP I-A (2, 3, 4, 6, 8 or 12 mg/ mL) and Vitamin C (Vc) at the same concentrations. At all the concentrations tested, the FVP I-A polysaccharide exhibited superoxide radical scavenging ability with an IC50 value of about 10 mg/mL. Compared with Vc, the FVP I-A polysaccharides had weaker superoxide radical scavenging effects at similar concentrations.
Analysis of FVP I-A hydroxyl radical scavenging ability
Hydroxyl radicals can easily pass through cell membranes, readily combining with carbohydrates, proteins, lipids, DNA and other biomolecules in cells, thereby inducing cell death or tissue damage.
14 Thus, it is important to remove hydroxyl radicals to protect living systems. The hydroxyl radical scavenging ability of FVP I-A was evaluated by the Fenton reaction method. Figure 5B shows the hydroxyl radical scavenging ability of FVP I-A at 0.1, 0.3, 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 10 and 12 mg/mL. FVP I-A was found to have an IC50 value of about 12 mg/mL. At the test concentrations, FVP I-A dose-dependently scavenged hydroxyl radicals, which indicated that compared with Vc, FVP I-A polysaccharides had weaker hydroxyl radical scavenging effects at the same concentration. Figure 5C depicts the reducing power of the test samples. It is known that the sample that has the higher absorbance value is the stronger reducing reagent. reducing abilities of FVP I-A increased in a dose-dependent manner. Vc was an antioxidant, had very strong reduction ability. Although the polysaccharides had weaker activity than Vc at the same dose, at 5 mg/mL, the reducing ability of FVP I-A was 1.04.
Analysis reducing power
DISCUSSION
In this work, a purified polysaccharide from the medicinal fungi Flammulina velutipes was obtained using DEAE-cellulose column chromatography and Sephacryl S-300HR column chromatography. The purified polysaccharide was a β-glycosidic linked heteropolysaccharide consisting of D-glucose, L-rhamnose and D-fructose in a molar ratio of 10∶0.09∶0.05, with an average molecular weight of about 8.14 × 10 4
Da. Previously, a 200-kDa polysaccharide which was composed of β-(1→3)-D-linked glucose was isolated and purified from Flammulina velutipes. 1 Smiderle isolated two polysaccharides from Flammulina velutipes, one was a β-glucan, another polysaccharide was composed of D-xylose, D-glucose, and D-mannose. 15 Pang et al 16 isolated an α-(1→4)-D-glucan. The monosaccharide composition of FVP I-A was different from the polysaccharides previously purified from Flammulina velutipes, indicating that FVP I-A was a new polysaccharide. It is well known that the biological activity of polysaccharides is dependent on their monosaccharide composition, molecular weight, conformation, glycosidic linkage, and degree of branching among others. Thus, the different monosaccharide composition of FVP I-A may result in it having different effects. FVP I-A at concentrations of 5-160 μg/mL could induce the abundant in vitro production of NO, an important modulator of the immune response, confirming its immunomodulatory activities. However, the mechanism of production of NO requires further research. At lower concentrations, FVP I-A significantly induced the production of IL-1β, IL-6 and TNF-α in vitro (P<0.01). It is known that cytokines are important for innate and adaptive immunomodulatory responses, functioning as a bridge between the innate and adaptive. FVP I-A promoted the macrophages to secrete cytokines resulting in enhancement of immunomodulatory activities. FVP I-A also promoted lymphocyte proliferation, and exhibited co-mitogenic activities in combination with LPS and ConA in vitro. It is well known that the proliferation of lymphocytes may be directly activated by polysaccharides. Perhaps it may be activated by the cytokines that were induced by poly- saccharide and secreted by, for example, macrophages and natural killer. Moreover, it is also known that ConA can selectively enhance T cell differentiation and proliferation, and LPS can selectively enhance B cell differentiation and proliferation. 5 Thus, the proliferation of lymphocytes induced by FVP I-A may be T and/or B cell-mediated, or via cytokines (IL-1β, IL-6, TNF-α), which can stimulate B and T cell activation, proliferation and differentiation to modulate immune functions. However, wether the mechanism of FVP I-A is directly activated via T cells, B cells or by the cytokines, needs further study. FVP I-A was shown to possess superoxide and hydroxyl radical scavenging activities, and strong reducing power in vitro. FVP I-A might be a potential immunomodulatory agent that can be used against pathogens and tumors in the health-care, food and medical industries. Moreover, it may serve as a natural antioxidant that can act as a potential food additive, functional food or drug. 
